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crystalline charge ordered manganite.
R. Mathieu and P. Nordblad
Department of Materials Science, Uppsala University, Box 534, SE-751 21 Uppsala, Sweden
A. R. Raju and C. N. R. Rao
Chemistry and Physics of Materials Unit,
Jawaharlal Nehru Centre for Advanced Scientific Research,
Jakkur P.O., Bangalore - 560 064, India
(Dated: February 1, 2008)
The low temperature phase of single crystals of Nd0.5Ca0.5MnO3 and Gd0.5Ca0.5MnO3 mangan-
ites is investigated by squid magnetometry. Nd0.5Ca0.5MnO3 undergoes a charge-ordering transition
at TCO=245K, and a long range CE-type antiferromagnetic state is established at TN=145K. The
dc-magnetization shows a cooling rate dependence below TN , associated with a weak spontaneous
moment. The associated excess magnetization is related to uncompensated spins in the CE-type an-
tiferromagnetic structure, and to the presence in this state of fully orbital ordered regions separated
by orbital domain walls. The observed cooling rate dependence is interpreted to be a consequence
of the rearrangement of the orbital domain state induced by the large structural changes occurring
upon cooling.
I. INTRODUCTION
Hole-doped manganites R1−xAxMnO3
(R=La,Nd,Pr,... and A=Sr,Ca,...), exhibit colossal
magnetoresistive1,2 (CMR) properties, associated with
the mixed manganese valence Mn3+ (t32ge
1
g)/Mn
4+(t32g)
resulting from the substitution of trivalent R ions by
x divalent A ions. The x ∼ 0.5 doping is particularly
interesting, since the magnetic interaction is affected
by i) the ordering of the Mn3+ and Mn4+ charges2,3,
commonly referred as charge-ordering (CO), ii) the
ordering of the eg electron orbitals on the Mn
3+ sites
and iii) the coupling between orbital degree of freedom
and the lattice. For example, Nd0.5Ca0.5MnO3 (NCMO)
undergoes a CO transition4 at TCO=245K with partial
orbital ordering (OO) and magnetic correlations of short
range. At lower temperatures, the OO increases and a
long range CE-type5 antiferromagnetic (AFM) state is
established at TN=145K. An insulator-to-metal tran-
sition occurs around this temperature in intermediate
(∼5T or higher) magnetic fields4. The CE-type phase
involves both FM and AFM interactions. It consists
of ferromagnetic (FM) chains in the (a,b) plane, AFM
coupled between each other within this plane, and
along the c-axis. Neutron6 and Brillouin7 scattering
experiments detect additional FM correlations in the low
temperature CE-type AFM phase. Also resistivity noise
measurements reveal two-level fluctuations8 related to
the phase separation scenario9, including mixed-phase
states of different magnetic and electrical properties.
In this context, the observed magnetic field induced
metal-insulator transition10 reflects the percolative
growth of conducting FM clusters embedded in an AFM
matrix11.
In the present article, we investigate the stability of the
low temperature AFM phase of a Nd0.5Ca0.5MnO3 single
crystal using ac and dc magnetization measurements.
The zero field cooled (ZFC) and field cooled (FC) mag-
netizations are recorded vs. temperature and time after
specific cooling protocols. Similar measurements are
performed on a Gd0.5Ca0.5MnO3 (GCMO) single crystal
for comparison. GCMO also shows charge-ordering at
TCO = 260K, but no long range AFM, and it remains
insulating at all temperatures, even in large magnetic
fields12. In the case of NCMO, the magnetization is cool-
ing rate dependent below TN , and a weak spontaneous
moment appears in the AFM state. The corresponding
excess magnetization appearing along the zig-zag chains
of the CE-Type structure is related to the presence of
domain walls in the (a,b) plane breaking the orbital
coherency.
II. SAMPLES AND EXPERIMENTS
Single crystals of NCMO7 and GCMO were grown
using a floating zone furnace (NEC, Japan). Temper-
ature and time dependent zero field cooled and field
cooled magnetization measurements were performed us-
ing a Quantum Design MPMS5 Superconducting QUan-
tum Interference Device (SQUID) magnetometer. In the
ZFC and FC case, the magnetizationM was collected on
re-heating in a small magnetic field H=20 Oe after slow
(3K/min) and fast (60K/min) cooling from room tem-
perature down to 5K. M vs. H measurements were per-
formed at T=35K after similar cooling protocols. Addi-
tional ac-susceptibility χmeasurements (f=125Hz, h=20
Oe) were recorded using the same cooling protocol on a
Lakeshore 7225 susceptometer for comparison. The vol-
ume susceptibility, M/H in dc and χ in ac, is in the
following plotted in dimensionless (SI) units. The cor-
respondence between M/H in (SI) units and M in bohr
magnetons per formula unit (µB/f.u) is indicated in the
text and figures.
2III. RESULTS AND DISCUSSION
Figure 1 shows the cooling rate dependence of the ZFC
and FC magnetization for NCMO. (a) shows the temper-
ature dependence of the ZFC (markers) and FC (simple
line) magnetization, measured on re-heating after fast
(continuous lines) and slow (dotted) cooling. In the case
of fast cooling or quench to low temperatures, an ex-
cess magnetization ∆M appears below TN , both in the
ZFC and FC curves. Difference plots of the FC and
ZFC curves (same symbols as in the main frame) are
added in the insert, showing that the excess magnetiza-
tion ∆M [=M(fast cooling)−M(slow cooling)] appears
slightly below TN , around T=130K. This excess magneti-
zation relaxes with time, as illustrated in Fig. 1(b) which
shows the temperature dependence of the ZFC magneti-
zation MZFC(T ): As in Fig. 1(a), MZFC is recorded
on reheating from the lowest temperature T1=5K up
to a temperature T2=80K below TN after a fast cool-
ing. The MZFC(T1 → T2) curve is marked using circles.
The sample is cooled back (3K/min) to T1 and M is
recorded on re-heating up to T3=300K, well above TN ;
theMZFC(T1 ⇀↽ T2 → T3) curve is marked using crosses.
The sample is cooled down (3K/min) to T1, and M is
once again recorded up to T3; the MZFC(T1 → T3) curve
is plotted using a simple line. The MZFC(T ) curves ob-
tained in Fig. 1(a) are added as dotted lines for compari-
son. As expected, both the first (from T1 to T2 after a fast
cooling) and the last (from T1 to T3 after a slow cooling)
measurements coincide with the earlier results shown in
Fig. 1(a). The second measurement, recorded from T1
to T3 after a temperature cycle to T2, yields instead a
lower ∆M , showing that the excess magnetization is re-
laxing with time. It should be stressed that only a small
dc-magnetic field, acting essentially as a non perturbing
probe of the system, is used to record the magnetization;
i.e. the observed effects are not driven by the magnetic
field employed in the experiments13. To evidence this,
we show in insert of Fig. 1(b) the temperature depen-
dence of the in-phase component of the ac-susceptibility
recorded under the same conditions as the ZFC and FC
magnetization, after fast (simple line) and slow (dotted
line) cooling; a similar cooling rate dependence is ob-
served in the ac-susceptibility.
In our weak probing field, ∆M amounts to 2.9×10−5
µB/f.u at T=35K (c.f. Fig. 1(a)). M vs. H measure-
ments up to higher fields (4000 kA/m) recorded after
fast (continuous line) and slow (dotted line) cooling to
T=35K are shown in Figure 2. In both cases, a closely
linear field dependence of the magnetization is observed,
reflecting the AFM order. The difference plot of the two
curves (see insert) reveals a weak spontaneous moment
of 4.4×10−4 µB/f.u., superposed on a small excess sus-
ceptibility. The small moment reflects the presence of
uncompensated spins in the AFM state. The origin of
these local defects of the magnetic structure will be dis-
cussed below.
In the above described measurements, M was recorded
using a magnetic field directed along the c-axis of NCMO.
Figure 3(a) shows the corresponding results on the ZFC
magnetization measured in the (a,b) plane. A cooling
rate dependence is again observed, but the excess mag-
netization has a smaller magnitude, as seen in the main
frame and also in the insert where the difference plots of
the ZFC curves for the two different orientations of H
are shown. Most of the excess magnetization thus lies
along the c direction. The single crystals show no sign of
twinning, but of course some magnetic anisotropy in the
(a,b) plane would affect the magnitude of ∆M .
In the case of GCMO, a cooling rate dependence is not
observed, and the magnetizations curves recorded along
c after slow and fast cooling virtually coincide, as shown
in Fig. 3(b). On the other hand, the ZFC and FC curves
deviate from each other below T ∼100K, indicating ir-
reversibility below this temperature, and thus the devel-
opment of magnetic correlation. The insert of Fig. 3(b)
shows the normalized difference between the ZFC and FC
curves for both GCMO and NCMO, which is a measure of
the irreversibility. In the case of NCMO, the irreversibil-
ity arises sharply at TN , while it appears more gradually
in GCMO. The magnetic correlation developing below
T ∼ 100K in GCMO seems to remain of short range,
as in the very similar Y0.5Ca0.5MnO3
15 manganite. The
excess magnetization, and the observed cooling rate de-
pendence of the magnetization at low temperatures in
NCMO are instead related to the establishment of the
long range AFM state, possibly via the large increase
in orthorhombic distortion12 and c-axis contraction4 oc-
curring between TCO and TN upon cooling. The spon-
taneous moment could then be related to the presence
of defects in the low temperature antiferromagnetic ar-
rangement, or an antiferromagnetic domain state. In this
case, uncompensated spins at domain walls would give
rise to an excess magnetization. The Curie-like increase
of the magnetization at very low temperatures (below T
∼ 25K) both in NCMO and GCMO is attributed to para-
magnetic Nd and Gd ions respectively.16
To further elucidate the dynamic nature of the mag-
netization of NCMO, we have performed FC-relaxation
experiments, in which the FC magnetization MFC is
recorded versus time (t) during tm=10000s at Tm=35K
after different thermal protocols (A, B, C and D). The
obtained MFC(T ) curves are plotted in Fig. 4(a), and
the corresponding relaxation curves MFC(t) are shown
in Fig. 4(b); all curves are labelled on the figure accord-
ing to the thermal protocol (A-D) employed. A: The
sample is rapidly cooled (fast cooling rate) to the mea-
surement temperature Tm < TN in H=20 Oe, and after
achieving temperature stability (∼20s), the magnetiza-
tion is recorded vs. time during tm. B: The sample is
rapidly cooled to the lowest temperature, and the FC-
relaxation collected after re-heating to Tm. The temper-
ature dependence of the magnetization is recorded dur-
ing the re-heating to Tm and above. C: The sample is
rapidly cooled to Tm, from where the cooling proceeds
with a slower rate and the magnetization is recorded on
3cooling and re-heating to Tm, where the FC relaxation
is collected during tm. As in B, the magnetization is
further recorded during the re-heating to room tempera-
ture. D is similar to C, but using a slower cooling rate
when initially cooling to Tm. As seen in Fig. 4(b), the
relaxation curves obtained for experiments A and B are
nearly identical, showing again that the cooling rate at
all temperatures below TN is the key parameter of our
effect. As observed earlier in Fig. 1(b), the relaxation
diminishes when the effective cooling slows down, from
experiments A,B to experiment D. The relaxation at Tm
reflects the evolution of the domain configuration of the
AFM state.
Neutron powder diffraction studies on a similar charge
and orbital ordered CE-Type AFM manganite18 indicate
magnetic disorder in the Mn3+ sublattice, associated to
domain boundaries breaking the long range orbital or-
dering. Recent x-ray scattering results19 also indicate
a partial orbital ordering of the low temperature phase,
leading to an orbital domain state. The here observed
cooling rate dependence of M below TN could thus be
related to the intrinsic inhomogeneities of the CE-Type
structure, and the nucleation or rearrangement of orbital
domains and domain walls to accommodate the large con-
traction of the structure occurring upon cooling. The
cooling rate determines the time allowed to the system
to accomodate the structural modifications governed by
the temperature. In a similar way, one can also perturb
the CE-type state by introducing impurities in the struc-
ture, for example by replacing some of the Mn cations by
Cr or Ru20. The orbital ordering is again affected, and
FM-like correlations induced.
The cooling rate dependence of the FC magnetization
depicted in Fig. 4(a) is unusual and deserves some ad-
ditional comments. In experiment B, the magnetization
curve always lies above the curve obtained for the slow
cooling case, closely following the curve obtained for a
fast cooling. In experiments A and C instead, MFC/H
at Tm=35K amounts to 0.0185 [SI] immediatly after a
rapid cooling from room temperature and the magnetiza-
tion curve thus surprisingly remains below the FC curve
obtained for a slow cooling. During a fast cooling to
Tm, the system cannot accomodate the excess moments
appearing with the domain walls, and its magnetization
remains lower than in the slow cooling case. In experi-
ment B, the sample is rapidly cooled down to the low-
est temperature, and reaches a high magnetization value.
Albeit having a different initial magnetization level, the
relaxation curves corresponding to experiments A and B
(shown in Fig.4(b)) appear nearly identical, which indi-
cates that a similar magnetic configuration is probed in
both experiments.
IV. CONCLUSION
The magnetization of a single crystal of the charge or-
dered manganite Nd0.5Ca0.5MnO3 is cooling rate depen-
dent below TN . The results reveal the presence of a weak
spontaneous moment, related to uncompensated spins in
the CE-type AFM structure. The moment and its associ-
ated excess magnetization are connected to domain walls
separating fully orbital ordered parts of the zig-zag chains
of the CE-type structure. The cooling rate is then used
to probe the orbital state, and study how it accommo-
dates the large structural transformation occurring upon
cooling.
The presence of magnetic inhomogeneities in the low
temperature CE-type structure of Nd0.5Ca0.5MnO3 is
likely to weaken the AFM state, so that the appli-
cation of a large magnetic field could induce the ob-
served insulator-metal transition near TN . In the case of
Gd0.5Ca0.5MnO3, no long range antiferomagnetism is es-
tablished at any temperature, and neither a cooling rate
dependence nor an insulator-metal transition is observed.
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FIG. 1: Temperature dependence of the ZFC (markers) and
FC (simple line) magnetizations of NCMO; H=20 Oe. (a)
The magnetization is recorded along the c-axis on re-heating
after fast (continuous line) and slow (dotted line) cooling
down to 5K. The corresponding value of MF C(T=35K) in
µB/f.u is added for comparison. The insert shows the differ-
ence plots of the FC and ZFC magnetization curves (same
symbols as in the main frame). The maximum value of ∆M
in µB/f.u is also indicated. (b) Idem adding a cooling and
re-heating to a temperature T2 below TN while recording
MZF C(T ). T1, T2 and T3 correspond to T=5, 80 and 300K
respectively; see main text. The insert shows the cooling rate
dependence of the ac-susceptibility of NCMO, recorded vs.
temperature using a small ac-field, after similar fast and slow
cooling. h=20 Oe, f=125Hz. The simple line corresponds to
fast cooling, and the dotted line to slow cooling.
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FIG. 3: (a) Temperature dependence of the ZFC magneti-
zation for NCMO. The magnetization in the (a,b)-plane is
recorded on re-heating after fast (continuous line) and slow
(dotted line) cooling to 5K. The insert shows the correspond-
ing difference plot. The curve obtained when measuring along
the c direction (c.f. insert of Fig. 1(a)) is added. (b) Corre-
sponding results for GCMO. M is measured along the c-axis
and both ZFC (markers) and FC (simple line) are measured
with fast (continuous line) and slower (dotted line) cooling
rates. The insert shows the temperature dependence of the
irreversibility observed in the magnetization curves of NCMO
and GCMO.
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Intermediate temperature stops are made during the cooling
and heating at Tm=35K (see main text) (a) shows the results
plotted vs. temperature, as well as the reference MF C(T )
curves from Fig. 1(a) in dotted lines. Curve A is plotted
separately for clarity; MF C was only recorded vs. time in
this experiment. (b) shows the the relaxation of MF C during
tm at Tm=35K.
